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Abstract—This paper we discusses an effect of coating long-
period gratings (LPGs) with a thin titanium dioxide (TiO2) 
overlays on refractive index (RI) sensitivity of the LPG. The 
overlays have been obtained using atomic layer deposition (ALD) 
method. The method allows for deposition well-controlled in 
thickness, well defined in optical properties, high-RI and very 
conformal thin films as required for optical fiber sensors. For the 
investigated LPGs we obtained sensitivity of 3490 to 6471 nm per 
RI unit depending on range RI.  
Keywords-Atomic Layer Deposition (ALD); thin films; long-
period gratings (LPGs); titanium dioxide (TiO2); optical fiber 
sensors; refractive index sensing   
I.  INTRODUCTION  
Numerous of chemical and biological substances can be 
detected by measurement of refractive index (RI) of liquids 
containing those substances. That is why RI sensors have a 
wide range of applications in chemistry, food industry and 
biochemistry. It is expected from the sensor to provide high 
sensitivity to RI of external medium and immediate response. 
Sensors based on long-period gratings (LPGs) can easily meet 
these requirements. The LPG is a structure typically made by 
periodic (period Λ of 100 to 700 µm) modulation of refractive 
index within core of a single-mode optical fiber [1]. The 
modulation induces coupling between core mode and m 
cladding modes resulting in appearance of a series of resonance 
attenuation peaks in LPG's transmission spectrum [2]. These 
resonance wavelengths λm are defined according to (1), where 
co
effn  and 
mcl
effn
,  are effective refractive indices of core and m
th
 
order cladding mode, respectively.  

m
=  neff
co − neff
cl ,m ∙ Λ                     (1) 
 
 Spectral response of LPG depends on external RI (
extn ). In 
consequence of the increase in 
extn  is followed by
mcl
effn
, and 
induces the resonant wavelength shift toward shorter 
wavelengths. The effect gets stronger when 
extn  is closer to 
that of cladding, which is typically made of fused silica 
(nD=1.458). However, it has been shown that coating LPG with 
high RI overlay leads to modification of highest RI sensitivity 
range towards its lower values [3]. The modification depends 
on overlay thickness and its optical properties. The most 
popular methods for tuning of the RI response through the use 
of nano-coatings are based on immersing the LPGs in liquid 
precursor. Some of the liquid-precursor-based deposition 
techniques are Langmuir-Blodgett [3], sol-gel [4] and 
electrostatic self-assembly [5]. However, these methods does 
not provide efficient control of properties of the overlays or are 
vary time consuming. As an alternative Atomic Layer 
Deposition can be used, which allows for precise control of the 
overlay properties on whole length of the grating.  The ALD is 
a method deposition of thin films on various substrates with 
atomic scale precision [6]. The method is based on the gas-
solid reactions occurring at the surface of substrate and belong 
to a group of layer-by-layer technique. The majority of ALD 
reactions use two chemicals, typically called precursors. The 
growth of films with ALD typically includes four steps: 
exposure of the surface to the first precursor, purge of the 
reaction chamber to remove the non-reacted precursors and the 
gaseous reaction by-products, exposure to the second precursor 
and again purge or evacuation of the reactor chamber. The 
surface reactions can be accomplished using thermal chemistry 
or with the assistance of plasma or radical assistance [7]. The 
process temperature depends on the precursor and is typically 
in the range of 30 to 150°C [8]. The major limitation of ALD is 
its low growth rate. However, the growth rate can be 
compensated by the increased size of the reactor and the 
multiplication of the substrates.  
In our previous works we reported results on modification 
of the RI response of the LPG-based sensors with hard and 
high-n overlays deposited from gas precursors with a radio-
frequency plasma-enhanced chemical-vapour-deposition (RF 
PECVD) method [9,10]. The properties of the films can be 
easily changed over a wide range of refractive index values by 
varying the gas composition and other deposition 
parameters[11]. However, the control of the film thickness in 
nanometer range and symmetrical deposition around the fiber  
with this method are still challenging. Moreover, we also 
investigated modification of RI response of the LPG with 
deposition of Al2O3 overlay with ALD method [12]. In this 
paper we present a successful deposition of high-RI (n at 
λ=1550 nm reaches 2.25) titanium dioxide (TiO2) thin overlays 
on LPGs with the ALD technique. TiO2 show high temperature 
and high electrical resistance as well as high hardness, low 
optical absorption, and biocompatibility [13]. It has been used 
as antireflection coating on infrared detectors [14] or as a 
sensor template [15]. In this work the TiO2 films are applied 
for fine tuning of spectral properties of the LPGs, and in 
consequence their RI sensitivity. In this experiment we 
deposited the overlays on LPGs working at dispersion turning 
point (DTP), where the highest sensitivity can be obtained [16, 
17]. 
II. EXPERIMENTAL DETAILS 
A. LPG manufacturing 
In this experiment we used commercially available 
germanium-doped Corning SMF-28 single-mode optical fibre. 
High pressure hydrogen loading has been used to increase 
photosensitivity of the fibre [18]. A set of LPGs was fabricated 
by UV irradiation of 4 cm-long fibre section with KrF excimer 
laser and chromium amplitude mask with Λ=227 µm. After the 
UV-writing, the LPGs were annealed in 150 °C for 3 hours in 
order to release the hydrogen, and thus stabilize the properties 
of the gratings [19]. The annealing process is necessary to 
outgas unbounded hydrogen from the fibre. Omitting this 
process would raise the average refractive index of the fibre 
core and temporarily shift the resonances. Moreover, it is 
required to anneal out that portion of the UV-created sites, 
which would be thermally unstable over long periods of time, 
even at normal operating temperatures [1].   
B. Wet etching 
After the fabrication the LPGs had been immersed in 
hydrofluoric acid (HF) in order to reduced the fibre cladding 
diameter. During that process resonant wavelength has been 
shifted towards DTP. It is common operation applied for 
maximizing LPG sensitivity [20]. In this experiment, highly 
concentrated HF (40 %) and subsequently HF buffer (6 to 1 
volume ratio of 40 % NH4F in water and 49 % HF in water). 
Chemical reaction between silica glass and HF etchant is 
described by (2).  
 
SiO2 + 6HF
yields
    H2SiF6 + H2O
−            (2) 
 
 First of all LPG was placed in the concentrated HF for 30 
seconds and then rinsed in deionized water. After that the 
transmission spectrum of the LPG was investigated in order to 
determine shift of the resonance wavelength induced by 
etching. This process cycle was repeated several times to 
achieve DTP at λ~1600 nm. Just before achieving DTP etching 
solution was changed to HF buffer in order to increase 
precision of the process control in determination of resonant 
wavelength of the LPG. The spectral response of the LPGs was 
investigated in wavelength range of 1100 to 1650 nm using 
Yokogawa AQ6370B spectrum analyzer and Yokogawa 
AQ4305 white light source. 
C. TiO2 nano-films deposition and characterization 
The TiO2 thin films were deposited on the LPGs and  
reference silicon wafers using the TSF200 system (BENEQ, 
Vantaa, Finland). The reference oxidized silicon wafers were 
obtained by thermal oxidization of Si wafers which earlier 
went through the Radio Corporation of America cleaning 
procedure. The LPG samples were cleaned in isopropanol.  
The experimental setup for ALD process is shown in Fig. 1. 
Deposition process parameters are given in Table 1. For the 
TiO2 deposition processes, water and titanium (IV) chloride 
(TiCl4) were used as an oxygen and titanium precursors, 
respectively. Between gas pulses the chamber was purged with 
nitrogen. Thickness of the nano-films was controlled by 
number of cycles of the ALD process. Temperature during the 
process cannot be too high due to the polymer coating of fiber 
cladding  and it was set to 85 °C. 
The properties of the TiO2 films deposited on the reference 
silicon wafers, such as their thickness, refractive index (n) and 
extinction coefficient (k) were determined by a Horiba Jobin-
Yvon UVISEL spectroscopic ellipsometer (HoribaScientific, 
Edison New Jersey, USA). 
TABLE I.  THE MAIN PARAMETERS FOR THE ALD PROCESS. 
Material TiO2 
Temperature [°C] 85 
Cycles 586, 640, 1354, 1530, 1910 
Thickness [nm] 50-176 
Precursors H2O TiCl4 
Doses  
(pulse/ purge) [s] 
0.02-0.05/1-5 0.02-0.05/1-5 
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 Figure 1.  Schematic representation of the LPG and silicon wafer placement 
in the ALD chamber. 
D. LPG measurements 
The RI sensitivity was measured by immersing LPGs in 
mixture of water and glycerine with nD in rang of 1.33 to 1.45 
RI unit (RIU). Refractive index of the liquids was measured 
using automatic refractometer AR200 (Reichert Technologies, 
NY, USA). Between the immersions, the LPG was rinsed with 
deionized water and then dried in air. Sensitivity of the LPGs 
was calculated according to (3) as resonance wavelength shift 
induced by variation of RI in its specified range.  
 
SRI =
∆λ nm  
∆n RIU  
                               (3) 
 
III. RESULTS AND DISCUSSION 
A. Properties of the TiO2 nano-overlays 
Optical properties and thickness of the LPG overlay have 
significant influence on spectral response of the LPG to 
extn .  
The variation of thickness and n of the TiO2 films deposited on 
reference silicon wafers with number of cycles is shown in 
Figure 2 and 3, respectively. 
According to results shown in Fig. 2, estimated thickness of 
the deposited TiO2 overlay (y) can be calculated according to 
(4), where x is the number of cycles in ALD process. An 
obtained deposition rate is below 1 Å/cycle. The result prove 
that thickness of the TiO2 films can be determined with sub-nm 
precision. 
y = 0.0985x − 10.8996  [nm]                          (4) 
 
The number of ALD cycles in the range between 586 to 
1910 has also slight influence on optical properties of the 
deposited films. Since extinction coefficient is negligible in IR 
spectral range, we discuss here only dispersion of n. The most 
significant changes in n of the deposited TiO2 can be seen in 
spectral range between 260 and 600 nm. In the range between, 
where response of the LPG is investigated the variations of n 
are slightly dependent on wavelength. However, a number of 
cycles has also slight influence on n of the TiO2 films. The 
highest changes of RI can be observed in the range up to 640 
cycles (about 0.001 RIU per cycle). With the increase of the 
overlay thickness above ~50 nm its optical properties can be 
assumed to be constant.  The effect of increase in film‟s n with 
its thickness has been observe also for other thin films and 
deposition methods [12].  
 
Figure 2.  Influence of number of ALD process cycles on thickness of the 
obtained TiO2 films.   
a) 
 
b)
 
Figure 3.  Influence of number of ALD process cycles on refractive index of 
the obtained TiO2 films, where (a) shows disperssion of n and (b) values at 
λ=1550 nm. 
B. RI sensitivity measurements 
Measurements of the RI sensitivity for the same samples 
were compared before (Figure 5) and after (Figure 6) TiO2 
deposition. It can be seen in Fig. 4, that there is significant 
difference between responses of sample with and without TiO2 
overlay. For LPG sample without the overlay when it is 
immersed in water (nD=1.33302 RIU), the resonance at 
λ~1600 nm is experiencing DTP. The resonance of the same 
sample with 50.507 nm in thickness TiO2 overlay has already 
experienced  this effect in air (nD=1 RIU) and after immersing 
in water a double-resonance effect appears, where one of the 
resonances shifts down to 1550 nm. 
Response of the sample with and without TiO2 overlay to 
extn  up to nD=1.4478 RIU has been investigated next. For the 
LPG with no overlay the resonance at λ~1600 nm is close to 
DTP up to 
extn ~1.36 RIU when above this value the spectral 
separation of the resonance takes place and the one at lower 
wavelength experiences shift towards shorter wavelengths 
(Figure 5). It can be seen that when RI get closer to the one of 
cladding material, i.e., fused silica (nD=1.458), cladding 
modes interact more with external medium and that is why  
the sensitivity of the device is increased [21]. For the LPG 
with the TiO2 overlay there can be seen in Fig. 6 a significant 
shift with 
extn  of the resonance formed initially at λ~1600 nm 
(resonance A) and slight shift of two other resonances at 
λ~1200 nm (resonance B) and λ~1150 nm (resonance C). The 
shift highly depends on the overlay properties. If the overlay„s 
n and thickness, as well as the external RI are properly 
selected, the lowest order cladding mode starts to be guided in 
the overlay inducing shift of the higher order cladding modes 
to the nearest lower order ones [16]. When the mode transition 
takes place, the grating reaches the highest RI sensitivity. 
Comparing sensitivities of the LPGs before and after TiO2 
ALD, there can be observed significant increase of RI 
sensitivity in the range between 1.35 and 1.43 RIU induced by 
the TiO2 overlay (Figure 7). The sensitivity to external RI for 
A resonance can be assumed as linear in three 
extn  ranges. In 
the range between 1.35253 to 1.36689 RIU the sensitivity for 
resonance A is 2.6 fold higher (reaches over 4700 nm/RIU)  
than sensitivity of a bare LPG for the resonance at the same 
spectral range. In this range the increase in sensitivity is 
mainly influenced by the operation close to the DTP. For 
extn
above 1.36689 RIU, but below 1.41013 RIU the sensitivity 
decreases down to about 3500 nm/RIU. The highest sensitivity 
is in the range between 1.41013 and 1.43023 is over 6471 
nm/RIU. In this case the high sensitivity is induced by mode 
transition effect. The resonance B has already experienced 
mode transition for sample immersed in water and takes place 
of the nearest lower order cladding mode, shows sensitivity of 
204 nm/RIU. The resonance C for 
extn above 1.33302 RIU 
increases its sensitivity (to about 783 nm/RIU) and is heading 
towards mode transition as well as resonance A. 
 
 
Figure 4.  Transmission spectrum of the LPG sample with and without TiO2 
overlay when surrounded by air (nD = 1 RIU) and water(nD = 1.33302 RIU).  
Number of ALD cycles for this sample was 586. Its thickness was  50.507 nm 
and refractive index was about 2.2 for 1550 nm. 
 
 
Figure 5.  Evolution of transmission spectrum with external RI in range from 
1 to 1.4457 for LPG with no overlay. 
 
 
Figure 6.  Evolution of three resonances (A, B and C) with external RI in 
range from 1 to 1.4478 RIU for LPG nano-coated with TiO2. Number of ALD 
cycles for this sample was 586. Its thickness was  50.507 nm and refractive 
index was about 2.2 for 1550 nm. 
 Figure 7.  Wavelength shift with 
extn  for LPG  with the deposited TiO2 of 
50.507 nm in thickness and for the same sample with no overlay. Liner fit 
applied to those plots in selected 
extn  ranges shows the RI sensitivity. 
IV. CONCLUSIONS 
Besides application of TiO2 as antireflection coating, the 
material can be successfully applied for effective tuning of RI 
sensitivity of LPG. The range of high RI sensitivity is 
determined by initial working conditions of the LPG and 
proper selection of a number of ALD process cycles. Since the 
ALD method allows for determination of the thickness of the 
overlays at a sub-nm scale, the sensitivity can be precisely 
controlled. Thanks to capability for ALD process taking place 
at low temperature it is possible to deposit high-refractive-
index TiO2 overlays (n above 2.2 in IR spectral range) on UV-
induced LPGs without damaging the grating. Thanks to 
deposition of 50.507  nm in thickness TiO2 overlay we have 
obtained over 3.6 fold higher RI sensitivity in selected 
extn   
than for a bare LPG. The developed platform seems to be very 
promising for application in label-free biosensing. 
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